ABSTRACT
Background: NBCe1-A membrane-embedded macromolecules cotransport
sodium and bicarbonate ions across the bilayer that serve to maintain acid-base
homeostasis throughout the body. Defects are linked to a number of disorders,
including proximal renal tubule acidosis, mental retardation, dental defects, and
cataracts. Previously, we demonstrated the N-terminal domain of NBCe1-A (Nt) is
in a pH-sensitive monomer-dimer equilibrium. At neutral pH, bicarbonate ions bind
the Nt, stabilizing dimerization and intermolecular self-associations of dimers.
Methods: We determine and analyze the X-ray crystal structure of the Nt as a
dimer at 2.4-Å resolution using molecular-replacement methods, and a multicopy
crystallographic structure of the monomer using 5 atomic models and strict 4-fold
NCS constraints in refinement procedures. We measure the pH-sensitivity of a
truncated Nt mutant by light-scattering techniques, and bicarbonate, bisulfite,
mutant self-association bindings by surface plasmon resonance techniques.
Results: The structures reveal that R298 implicated in the disorders is part of
a putative conduit that transverses the Nt. The conduit opens to the
transmembrane domain (TMD) on one end and an apparent foyer entrance on the
opposite end. The naturally occurring mutation R298S disrupts an electrostatic
pocket within the conduit that disables substrate binding. We also report similar
conducts in family member AE1 (Band 3) when exploring its crystal structure.
Further, we identify by biophysical analyses on a truncated Nt that the
autoregulatory domain (ARD) at the N-terminus of the Nt is responsible for selfassociations.
Conclusions: The Nt responds to changes in pH or bicarbonate fluctuations.
In proximal tubule cells, we propose a model where the ARD is a gate for the
foyer. When self-associated, the foyer entrance is accessible, allowing substrate
entry into the conduit. During acid loads, the gates close entry into the foyer,
preventing bicarbonate from leaving the cell. The R298S defect similarly prevents
bicarbonate ions from being transported to blood, giving rise to metabolic acidosis
that results from the renal tubule acidosis.
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INTRODUCTION
FIG 1

Background.
Everyday a person filters one pound of baking
soda or bicarbonate through the glomerulous of
the nephron. Shown in FIG 1, bicarbonate ions
in the blood plasma enters the nephron at the
glomerulous. An ultrafiltrate appears in the
Bowman’s space, where the concentration is
the same as in blood plasma. About 80% of the
bicarbonate ions are reabsorbed in proximal
tubule (PT); 10% of bicarbonate get reabsorbed
in the thick ascending limb (TAL), another 10%
in the collecting duct, and virtually none
excreted in urine.
A cell of the PT is shown in FIG 2. At the
basolateral membrane, the renal electrogenic
Na/HCO3 cotransporter NBCe1-A cotransports
bicarbonate and sodium ions across the
membrane, contributing to the buffering of
blood pH.
Defects or point mutations of NBCe1-A result in
glaucoma, cataracts, mental retardation, and
proximal renal tubular acidosis [1,2]. One such
mutation R298S is located in the cytoplasmic
N-terminal domain of NBCe1.
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topology diagram of NBCe1-A is shown.
NBCe1-A is made up for three parts: a very
large N terminus consisting of 400 aa (circled
in red); a transmembrane part that weaves
through the membrane 13 or 14 times; and a
short C terminus. We have crystallized (FIG
3b) and determined a preliminary 3.0-Å
resolution structure of the Nt (crystal packing
shown in FIG 3C)
However, these studies
yielded
in
obstacles
of
pseudocrystallographic symmetry or space-group
ambiguity and a poor data-to-parameter ratio
to implement model refinement (TABLE 1)
[3,4,5].
In an upcoming manuscript twinning,
anisotropy, and persistent space-group
ambiguity, by crystallizing a truncated mutant
of the Nt (Δ1-62NtNBCe1-A) that diffracts X
rays to 2.4-Å resolution and by implementing
annealing procedures that fortuitously and
novelly effected molecular orientations in the
twin fraction. The space-group symmetry is
described on the next panel.
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A schematic diagram of NtNBCe1-A in equilibrium. Based on the aforementioned data, the observed
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dynamic equilibrium of NtNBCe1-A under physiological conditions can be de-convoluted into three distinct
states. In a first state, individual dimers exist in a taut conformation. In a second state, a conformational
change occurs that allows dimers to relax and transiently bind one another or self-associate. In a third state,
individual dimers are relaxed to the point where they disassociate into monomers. Intracellular bicarbonate
levels or pH fluctuations can influence the relative amounts of individual states in the equilibrium.
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✔ R298 is part of a substrate conduit that transverses the Nt

*Parentheses indicate highest resolution shell.
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Molar-Mass Measurements as
function of pH. The elution profiles of

NBCe1-Expressing SIV Vectors
Fig 11A is a schematic diagram showing the various self-inactivating (SIN) simian immunodeficiency virus (SIV)derived lentiviral vectors used in this study. Vesicular stomatitis virus (VSV)-G pseudotyped SIV vector particles
were generated by transient transfection of 293T/17 cells with the vectors (SIV-MSCV-GFP, SIV-MSCV-NBCe1,
SIV-MSCV-NBCe1-∆1-62, and SIV-MSCV-NBCe1-R298S) and packaging (pCAGSIVgprre and pCAG4-RTRSIV) plasmids plus the VSV-G envelope plasmid pMD.G. Chinese Hamster Ovary (CHO) cells were stably
transduced by spinoculation at a multiplicity of infection (MOI) of 5, cultured for 10 days, sorted on a FACSAria
instrument (BD Biosciences) and analyzed for GFP expression (Fig 11B). The histograms show the mean
fluorescence intensity for microscope image of GFP expressing CHO cells. NBCe1 expression is estimated to
be 10-fold higher than GFP expression. Preliminary antibody-staining studies below in Fig 12 demonstrate
NBCe1 incorporation into the membrane.
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the
NBCe1-A and Δ1-62NtNBCe1-A are shown in FIG 5
at varying pH with its observed average molarmass values as measured by multiangle light
scattering. For NtNBCe1-A the theoretical MW
(MWDimer) of a dimer is 81.2 kDa; MWMonomer is 40.6
kDa. For Δ1-62NtNBCe1-A, MWDimer is 70.2 kDa;
MWMonomer is 30.1 kDa. The observed molar mass
trend demonstrates equilibrium among monomers
and dimers. Dimer disassociation or an increase in
monomer formation is observed as pH increases
(significantly > pH 8). Note at pH 11.5, for both
NtNBCe1-A and Δ1-62NtNBCe1-A, the observed
molar masses are consistent with a solution of
monomers. In fact, both dmer and monomer
fractions can be seen here for Δ1-62NtNBCe1-A.
The molar-mass bars are represented on a
logarithmic scale.

FIG 12

Flow Cytometry Analysis of
NBCe1-Expressing CHO Cells
NBCe1-APC

FIG 2

Previous Studies on Full-length
NtNBCe1-A. To the upper left in FIG 3a, a
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filtered bicarbonate (HCO3- ) appears in the
lumen of (PT). The Na-H exchanger NHE3 and
vacuolar proton pump secretes protons that
titrate bicarbonate to form carbonic acid
(H2CO3), which goes on to form CO2 and H2O.
This reaction is catalyzed by CA IV, which is
tethered to the apical membrane via a GPI
linkage. The CO2 and H2O enter the cell and
recombined to form carbonic acid via CAII. The
carbonic acid then dissociates to proton and
bicarbonate.
NBCe1-A,
located
at
the
basolateral
membrane,
transport
three
bicarbonate Ions with one sodium ion into
interstitial space or blood.
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FIG 4

✔ The ARD domain of the Nt is responsible for the pH-sensitive self-associations

Proximal Tubular Cell. In FIG 2, the

NBCe1-Expressing in SIV Vectors & CHO cell

MONOMER-DIMER EQUILIBRIUM, CARTOON MODEL,
CONDUITS

Tryptophan emission spectra as a
function of pH. FIG 6 shows the

NtNBCe1-A

emission spectra of NtNBCe1-A exhibit an
incremental Stokes shift as pH is gradually
raised from 5.5 to 11.5. An 11 nm Stokes shift
in total is observed. Note that the shift for
NtNBCe1-A is continuous within the
physiological pH range, unlike for Δ162NtNBCe1-A. The continuous transition
reflects subtle local conformational changes
due to the ARD.

400 μg/ml

FIG 9 shows the Nt to be isolated in a closed state (left) and selfassociated in an open state under normal physiological conditions (right) in the PT. Dimer selfassociation is governed by local conformational changes of the ARD that are induced by intracellular
pH or bicarbonate levels. When self-associated, the ARD permits bicarbonate ions to enter substrate
tunnels or conduits within the Nt. FIG 10 shows side & top views of the conduit (blue plumes) into
the transmembrane domain. The conduits are lined by electrostatic residues (e.g. R298) that make up
binding pockets.
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Cartoon of NBCe1-A.
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FIG
7 a) Various concentrations of NtNBCe1-A
(free analyte) is flown over itself immobilized
on a surface (RU is 500). The shape of the
curves demonstrates slow-on and fast-off
rates, whose kinetics are complicated by a
dynamic equilibrium of states. b) Δ162NtNBCe1-A
is
flown
over
itself,
demonstrating little to no binding or
alternatively fast-on & fast-off rates. c)
NtNBCe1-A is flown over Δ1-62NtNBCe1-A,
showing that binding is partially restored. d)
Bicarbonate slows disassociation of free
NtNBCe1 in a). e) Molar mass increases from
~79 to ~105 kDa in the presence of bisulfite,
showing an increase in dimer selfassociation. Also note that the red and blue
chromatogram traces differ in their shape.
The blue, revealing a clear shoulder peak,
suggests a decrease in the monomer
population.
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Prior to analysis, NBCe1 expressing CHO
cells were sorted by fluorescence activated
cell sorting (FACS) analysis. The transduced
cells were then analyzed for NBCEe1
expression using a rabbit polyclonal antihuman NBCe1 antibody (Anti-SLC4A4
antibody, Abcam) and an APC-conjugated
goat polyclonal secondary antibody to rabbit
IgG (Abcam). As shown in Fig 12, all cells
stain positive for NBCe1 expression on the
membrane, including wildtype, truncated and
mutant expressing cells, indicated by signal
above the y-axis. GFP signal, which indirectly
confers recombinant NBCe1 expression, is
demonstrated to the right of the x-axis.
MT=R298S,
DELTA=truncation
missing
residues 1 to 62, WT=wildtype.
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